Non-destructive testing methods for composite materials (e.g., carbon fiber-reinforced and glass fiberreinforced plastic) have been widely used to detect damage in the overall industry. This study detects defects using optical infrared thermography. The transient heat transport in a solid body is characterized by two dynamic quantities, namely, thermal diffusivity and thermal effusivity. The first quantity describes the speed with thermal energy diffuses through a material, whereas the second one represents a type of thermal inertia. The defect detection rate is increased by utilizing a lock-in method and performing a comparison of the defect detection rates. The comparison is conducted by dividing the irradiation method into reflection and transmission methods and the irradiation time into 50 mHz and 100 mHz. The experimental results show that detecting defects at 50 mHz is easy using the transmission method. This result implies that low-frequency thermal waves penetrate a material deeper than the high-frequency waves.
Background
The utilization of composite materials is currently being expanded throughout the industry.
The composite materials are the ones to be artificially made to ensure that two or more materials maintain their macroscopic characteristics and complement each other for excellent physical properties. Typical examples of the composite materials are CFRP (carbon fiber reinforced plastic) and GFRP (glass fiber reinforced plastic). These composites have widely been used in a variety of areas such as aerospace, shipping, automobiles and railways [1] .
In this connection, a research on the nondestructive testing to measure the defects of composite materials has actively been conducted.
In this paper, we conducted a study to quantify the sizes of the defects in CFRP and GFRP composites by using optical lock-in infrared thermography among non-destructive testing methods. The infrared thermography (IRT) has some advantages in that it can help to detect defects in a non-contact state with the use of the infrared emission energy of the object, and is very useful in detecting inclusion detects of CFRP and GFRP composites. In addition, it is considered to be a very appropriate method for detecting defects of a large structure as a testing method that can relatively easily detect defects in a movable state at the site [2] .
Materials and Devices

Specimens
The composites-based specimens of inclusion defects used in this study are as follows. To detect defects inside the inclusion of composite materials by using infrared thermography, this and in the right side at a depth of 62.5%, respectively with Teflon films. As shown in Fig. 3, a matt black paint was applied so that CFRP and GFRP specimens of inclusion defects can meet the condition close to an emissivity rating of 0.95 [3, 4] .
Experimental Device Configuration
The method for detecting defects in composite materials using infrared thermography is largely divided into passive method and active method, and an experimental device was configured using an active optical infrared thermography technique. In addition, the lock-in method used to increase the defects detection rate of flat-plate composites of inclusion defects is to modulate the heat source that stimulates the defect detection object into a harmonic function for incidence, synchronize the detection element on the harmonic function, demodulate the phase change of the harmonic function, and thus to collect images. It is used to improve the detection sensitivity and minimize the defects detection error caused by non-uniformity of the surface emissivity [5] .
Theory of Thermal Wave and Lock in Thermography
Thermal Wave
The thermal diffusivity   (1) is ratio of the thermal conductivity  to the volumetric heat capacity (i.e., the product of specific heat capacity and density)
The thermal diffusivity is a measure of the thermal energy diffusion rate through the material. The diffusion rate will increase with the ability to conduct heat and decrease with the amount of thermal energy needed to increase the temperature. Large values of diffusivity mean that objects respond fast to changes of the thermal conditions. Therefore, this quantity governs the time scale of heat transfer into materials. If a material has voids or pores in its structure, then the thermal conductivity and density decrease, which means the thermal diffusivity changes. As a result, the heat transfer within the material is affected, leading to observable changes of surface temperatures in the vicinity of the defects. The thermal effusivity   (2) is defined as the square root of the product of the thermal conductivity and the volumetric heat capacity.
It is a heat transfer property that determines the interfacial temperature when two semiinfinite objects at different temperatures touch.
The effusivity also has another effect on heat transfer within a material.
As a mater of fact, one also often uses the concept of thermal waves in active thermography, in particular, of periodical heating processes are described, for example, in lock-in thermography [4, 5] .
It can be shown that the Fourier equation, assuming harmonic object heating at the surface provides a harmonic temperature field within the object with the same frequency but different amplitude and phase. Therefore, the concept of thermal waves, which and be described by the theory of wave physics, can be introduced. The main characteristic of thermal waves is the strong decay as a function of depth in the object. This decay can be characterized by the thermal diffusion length, which resembles a thermal penetration depth.  (3) can give a first idea of possible depth ranges [6] .
Lock in Thermography
Lock in thermography [7, 8] 
As corr at Eqs. of (4), (5) and (6) is reference operator indicating the correlations and c is the scale constant, the amplitude and the phase for A(x, y, n) can be obtained by following equations of (7) . [10] , and GFRP has a value of 1.77×10 -7 m/s 2 [11] . This indicates that the thermal diffusivity of CFRP is two times faster than that of GFRP. This characteristic serves to vary the time and the depth of penetration into the specimens where defects are present and thereby affects the detection of defects.
Experimental Considerations
The thermal diffusion length depends on the thermal diffusivity   and the frequency f of the thermal wave (of heat stimulation). This expresses the fact that low-frequency thermal waves will penetrate deeper into a material than the high-frequency waves. The penetration depth will increase with increasing diffeusivity, μ can give a first idea of possible depth ranges. Fig. 6 depicts a second example. A solid material 1 characterized by thermal diffusivity   , conductivity   , and effusivity   , and so on has a subsurface structure of material 2, characterized by different values of thermal diffusivity   , conductivity   , and effusivity   , Heat flow is induced by a thermal rectangular pulse from the bottom. If the effusivity   of the substructure is much lower than the one of material 1, the heat flow will try to at least partially bypass th obstacle, that is, it will be lower behind the substructure.
At the same time, blocking of heat flow by the obstacle (visualized by the curved arrows) leads to lower heat flow from the surface to the inside of the material. As a consequence, the surface temperatures at the bottom of the thermal energy input will decrease more slowly in the region of the intrusion, that is, the temperature profile across the structure will lead to a temperature rise above the region of intrusion. In contrast, the corresponding heat flow is lower on the opposite side, giving rise the a lower temperature with regard to adjacent parts of the object. Depending of the distance of the obstacle from the two surfaces, the temperature profiles will differ: the don at greater distance will be shallower owing to lateral spreading by thermal diffusion within the material. In case the intrusion is of a material with much higher effusivity than the surrounding material 1, the respective temperature profiles from front and back would be inverted. If the distances d1 and d2 from the intrusion to object surfaces are different, the temperature profile for the larger distance will, on the one hand, be more smeared out laterally due to the diffusion and, on the other hand, its thermal contrast will be lower [6] . 
Quantitative Defects Detection
For quantification of defect size as shown in Fig. 9 , a binarization process was performed using a self-developed defects quantification program in order to clarify the boundaries of the defective area and sound area. After the binarization process, the boundaries were distinguished clearly, and thus the length corresponding to 1 pixel was calculated to quantify the defect size using the length of 1 pixel and the number of pixels occupied by the defect. When compared to the actual defect size, the quantified defect size was found to have a margin of error ranging from 1.34 mm to 0.12 mm and show high defects quantification accuracy of more than 95% at 50 mHz and 300 mHz.
Conclusion
This paper confirmed that in the case of CFRP and GFRP specimens of inclusion defects, the defects detection rate varies depending on the irradiation time, irradiation method and materials of composites. In addition, high accuracy of up to more than 95% was confirmed as a result of the study to quantify the defect size using the self-developed defects quantification program.
1) In the case of CFRP composite material laminated with eight layers with a thickness of 1.4 mm, the position and shape of the defect was more clearly observed in the transmission method than in the reflection method, and the irradiation time was found not to have a significant impact.
2) When measured by the reflection method, only the defect in the right side at a depth of 20% was faintly observed in both CFRP and GFRP composites, and it was impossible to detect defects at 300 mHz in the case of CFRP composite material.
3) In the case of GFRP composite material laminated with 16 layers with a thickness of 1.4 mm, the transmission method exhibited a high defects detection rate regardless of the irradiation time. In addition, a higher defects detection rate was achieved at 50 mHz in the reflection method. 4) CFRP specimen which showed the highest defects detection rate in quantification of the defect size also exhibited a high accuracy of up to more than 95% at 50 mHz in the transmission method.
